INTRODUCTION
There has been tremendous interest in nanostructures such as nanorods, nanowires and nanotubes. Due to their small size and large surface-to-volume ratios, these nanostructures are considered to be potential materials for anodes in batteries, chemical and electromechanical sensors, and micron-scale energy harvesting devices. [1] [2] [3] [4] Many research groups have attempted to develop methods which can be used to synthesize such nanostructures with a high throughput at a low cost. In particular, the template-guided synthesis of nanostructures has been popular due to its simple process, self-alignment capability and compatibility with mass production processes. [5] [6] [7] [8] [9] This has been the case for ferroelectric polymer nanostructures as well, with their flexibility and enhanced ferroelectric properties therefore used for actuators, acoustic transducers, sensors, and energy harvesting devices. [10] [11] [12] [13] For example, Oh et al. suggested a new and convenient means of fabricating crystalline poly(vinylidene fluoride trifluoroethylene) [P(VDF-TrFE)] nanorod arrays using SiO 2 as a template. [14] Because the trifluoroethylene (TrFE) unit in P(VDF-TrFE) allows the copolymer to have a ferroelectric β phase at room temperature, it exhibits strong ferroelectric properties without additional processes, such as mechanical stretching. [15] However, there has been relatively little effort to understand how the etching process of the template affects the ferroelectric properties of the resulting nanostructures. This etching process is essential to create nanostructures when one uses template-guided synthesis. [14, [16] [17] [18] During the etching process of templates such as anodized aluminum oxides and selectively etched silicon dioxides, an alkaline solution (e.g., KOH, NaOH) is widely used. Although several studies have reported the alkaline induced degradation of PVDF, these findings rarely included the degradation of the ferroelectric properties. [17, [19] [20] [21] Here, we report the effects of an alkaline treatment on carbon bonded structures and the ferroelectric properties of P(VDF-TrFE) films using X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and polarization-electric field hysteresis loop measurements.
The effects of an alkaline treatment on the ferroelectric properties of poly(vinylidene fluoride trifluoroethylene) [P(VDF-TrFE)] copolymer films are investigated. The alkaline treatment resulted in a small change in the surface roughness but no significant change in the grain shape or size of P(VDF-TrFE) copolymer films, as evidenced by both scanning electron microscopy and atomic force microscopy images. However, xray photoelectron spectroscopy results indicated that the alkaline etchant of a KOH solution reacted with P(VDF-TrFE) films to decrease the number of C-F bonds while creating new carbon conjugated double bonds, which decreased the remanent polarization of the P(VDF-TrFE) films. These results can improve our understanding of the degradation mechanism of an alkaline treatment.
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MATERIALS AND METHODS

Materials
As starting materials, P(VDF-TrFE) (75:25) pellets were dissolved in N,N-dimethylacetamide (DMAc) at a concentration of 15 wt. %. The solution was spin-coated onto Si substrates with native oxides at a rotating speed of 2000 rpm for 10 sec. The deposited films were dried under a vacuum for 16 hours at room temperature and subsequently immersed in a KOH aqueous solution for 1 hour at 80°C to remove the substrates completely. The obtained films, with a thickness of about 2.2 μm, were rinsed with distilled water. For comparison purposes, we prepared reference P(VDF-TrFE) films with the same experimental condition except for the step of the alkaline treatment to remove the substrates. We only immersed the reference samples in distilled water after drying them. In this case, we mechanically detached the substrates from the films using tweezers, as we could not remove the substrates by chemical means in the distilled water.
Methods
The surface morphology was observed using a scanning electron microscope (SEM, S-4800, Hitachi) and an atomic force microscope (AFM, XE70, Park Systems). Changes in the carbon-fluoride bonding structures were analyzed by a high-resolution dispersive Raman microscope (Horiba Jobin Yvon, LabRAM) using a 514.5 nm line of an Ar ion laser as the excitation source. To verify the changes in the carbon species, X-ray photoelectron spectroscopy (XPS) (Thermo VG Scientific, Sigma Probe) with monochromatic Al Kα Xrays was utilized. Charge neutralization was done by an electron flood gun, and all XPS spectra were calibrated by the C1s peak at 284.6 eV from contamination to compensate for the charge effect. In addition, the crystallinity of the P(VDF-TrFE) films was determined by grazing angle X-ray diffraction (GAXRD) (RIGAKU D/MAX-2500). In order to characterize the ferroelectric properties of the P(VDF-TrFE) films, planar platinum electrodes were deposited on the P(VDF-TrFE) films as bottom electrodes, and platinum dot arrays with a diameter of 230 μm were deposited on the other side of films as top electrodes using a sputter coater (BAL-TEC, SCD 005). Subsequently, polarization-electric field (P-E) hysteresis curves were measured from at least 17 points on each sample using a ferroelectric tester (Precision, RT-66A). The raw P-E hysteresis loops of all films can be found in the Supplementary Information.
RESULTS
Microscopy investigation
First, we observed SEM images to investigate the change in the surface morphology induced by the alkaline treatment (see Fig. 1 ). The bright and dark regions shown in the images indicate the semi-crystalline grain structure. [22] Although the grain boundaries of the water-treated sample appeared more clearly than those of the alkaline treated samples, the grain structure of P(VDF-TrFE) was maintained after the alkaline treatment. In addition, SEM images taken at a high magnification (see Fig. 2 ) show that the rod-like crystalline lamellae did not change much after the treatment. These lamellar structures are typical in crystallized P(VDFTrFE) films. [23, 24] However, the SEM images can only provide information about the overall shape and size of the grains. Therefore, for a complete examination of the changes in the surface morphology quantitatively, including the surface roughness, we imaged the topography of P(VDFTrFE) films using non-contact-mode AFM. Each sample was scanned ten times over scan area of 10 μm × 10 μm (see the Supplementary Information, Figs. S6-S10 ). There were differences between the RMS roughness values, as confirmed by a one-way analysis of variance (ANOVA) (P < 0.05) (see Fig. 2F ). However, the differences were not correlated with the alkaline concentration, as shown in Fig. 2F . In addition to the roughness analysis, we measured the grain size of the P(VDF-TrFE) films by the average grain intercept method (See Fig. 2G ). The average grain size of P(VDF-TrFE) was quantified by drawing ten randomly positioned lines on the AFM image (10 μm × 10 μm), counting the number of points at which the lines intersect with the grain boundary, and calculating the ratio of the intercepts to the line length. To examine the intercept method, ten AFM images were obtained from each P(VDF-TrFE) film dried after the treatment in water and the KOH solution. There were no significant changes in the average grain size when the KOH solution concentration was increased from 0 to 40 wt. %. A one-way analysis of variance (ANOVA) was used to examine differences between the average values. No differences were found with regard to the average grain size (p < 0.05). Figure 3A shows the Raman spectra of P(VDF-TrFE) films dried after they underwent treatment in water and a 40 wt. % KOH solution, while Fig. 3B shows the relative intensity of the peak at ca. 845 cm −1 and the peak at ca. 1530 cm −1 as a function of the concentration of the KOH solution in which the films were immersed. The peaks at ca. 845, 1280 and 1430 cm −1 as shown in the spectra of the films dried after the treatment in water disappeared and new peaks at ca. 1130 and 1530 cm −1 appeared in the spectra of the films dried after the treatment in the 40 wt. % KOH. These changes were also observed in the spectra of the films dried after the treatment in KOH solutions with different concentrations.
Chemical analysis of P(VDF-TrFE) films
Figures 4A and B show the XPS spectra of the P(VDFTrFE) films dried after the treatment in water and in the 40 wt. % KOH solution, respectively, and Fig. 4C shows the relative intensity of the peak at ca. 290.8 eV and the peak at ca. 285.0 eV as a function of the concentration of the KOH solution in which the films were immersed.
The peaks at ca. 290.8, 288.7, and 286.3 eV are shown in the spectra of the films dried after the treatment in water. On the other hand, in the spectra of the films dried after the treatment in the 40 wt. % KOH solution, the peaks at ca. 
X-ray diffraction spectra of P(VDF-TrFE) films
We confirmed the existence of a ferroelectric β-phase with (110)/(200) orientations in the films treated with either water or the KOH solution, as shown in Fig. 5 . There were no significant changes in the intensity levels of the peak corresponding to the ferroelectric phase of P(VDF-TrFE) when the KOH solution concentration increased from 0 to 40 wt. %.
Evaluation of ferroelectric properties
We measured the polarization hysteresis loops as a function of the KOH concentration, as shown in Fig. 6 . Figure 6A shows the average P-E hysteresis loops of P(VDF-TrFE) films dried after being treated in water and in the KOH solution. Figure 6B shows the remanent polarization obtained from the P-E hysteresis loop measurements as a function of the KOH concentration. We used the positive yaxis intercept in the P-E hysteresis loop as the remanent polarization. We found that the remanent polarization decreased from 4.70 to 3.44 μC/cm 2 when the KOH concentration increased from 0 to 40 wt. %.
DISCUSSION
We observed that fluorine was removed from the bonds of Fig. 4 . The XPS spectra of P(VDF-TrFE) films dried after they were treated in (A) water and (B) a 40 wt. % KOH solution, and (C) the relative intensity of the peak at ca. 290.8 eV and the peak at ca. 284.6 eV as a function of the concentration of the KOH solution in which the films were immersed. CF 2 and C-H-F and that oxygen was attached to carbon atoms as a substitute. In Figure 4A , the peaks at ca. 290.8, 288.7, and 286.3 eV correspond to the states of carbon with fluorine bonds of CF 2 , C-H-F, and CH 2 bonds in the P(VDFTrFE), respectively. The new peaks at ca. 288.0 and 285.0 eV correspond to carbon-oxygen double bonds and C-H bonds, respectively. [17] In addition, the peak at ca. 293.0 eV corresponds to unknown potassium compounds, which likely formed on the surface. [25] However, the chemical origin of these bonds is uncertain.
For a quantitative analysis of the trend of the chemical bond change as a function of the KOH concentration, we calculated the relative intensity of the representative peaks of carbon-fluorine and carbon-hydrogen bonds from each spectrum (see Fig. 4C ). The relative intensity of the peak at ca. 290.8 eV decreased from 44.74% to 0.08%, while the relative intensity of the peak at ca. 285.0 eV increased from 0.01% to 68.3% as the concentration of KOH increased from 0 to 40 wt. %, indicative of the destruction of carbonfluorine bonds and the creation of carbon-hydrogen bonds by the KOH solution.
Such an interchange of atoms is related to the bond structures of P(VDF-TrFE). According to the Raman spectra results (see Fig. 3 ), carbon-fluorine bonds were broken and new carbon conjugated double bonds formed in the P(VDFTrFE) film due to the alkaline treatment. The peaks at ca. 845, 1280 and 1430 cm −1 are associated with the symmetric CF 2 stretching vibrations in the all-trans conformation, the coupling of CF 2 stretching and the skeletal CC stretching mode, and the CH 2 deformation mode of the VDF, respectively. On the other hand, in the spectra of the films dried after the treatment in the 40 wt. % KOH solution, as shown in Fig.  3A , the new peaks at ca. 1130 and 1530 cm −1 represent the carbon conjugated double bonds. [17] In addition, the new peak near 1400 cm −1 is considered to be associated with carbon-hydroxide bonds. [26] Figure 3B depicts the quantitative change of the relative intensity of two characteristic peaks. As the concentration of the KOH solution increased from 0 to 40 wt. %, the relative intensity of peak at ca. 845 cm −1 decreased from 70.1% to 6.5% and the relative intensity of peak at ca. 1530 cm increased from 0% to 48.8%, which indicates that the existing carbon bonds were broken and that new carbon conjugated double bonds were formed. Our finding is in good agreement with the mechanism suggested by Ross et al. involving the destruction of carbon-fluorine bonds and the formation of carbon conjugated double bonds in PVDF films with an alkaline treatment. [17] However, we hold that the chemical change is limited to the top surface layer without affecting the inner bulk part of the film, as we observed no significant change in the crystallinity according to XRD, whereas we found a reduction of the CF 2 peak by XPS and the formation of new carbon conjugated double bonds in the Raman spectra. Because the sampling depth of XPS is only several nanometers due to electron scattering, XPS is highly surface-sensitive.
[27] On the other hand, the sampling depth of XRD is several hundred nanometers. [28] Hence, if alkaline degradation occurred on a very shallow surface layer, a reduction of the CF 2 peak in the XPS results would clearly appear, whereas a change in the crystallinity would rarely appear in the XRD results.
The decrease in the remnant polarization value resulted from the proposed reaction of KOH with P(VDF-TrFE) via the scheme in Fig. 7 . As the number of dipole moments is related to the number of the CF 2 -CH 2 bonds, a decrease in the number of those bonds will result in a decrease of the remanent polarization of the films. As such, the trend shown in Fig. 6B is in good agreement with the Raman spectroscopy and XPS results, which show a monotonous decrease in the number of CF 2 -CH 2 bonds.
Furthermore, we propose a hypothesis of no correlation between the surface morphology and a chemical treatment. It is known that changes in the P(VDF-TrFE) morphology stem from the degree of crystallinity and the migration of the polymer chain when it moves sufficiently at a high enough temperature. [29, 30] Lau et al. reported the effects of the annealing temperature on changes of the morphologies of P(VDF-TrFE) films. At an annealing temperature between 125°C and 150°C, the surface roughness drastically increased from 3.3 to 12.7 nm and the grain size changed. However, in this work, we did not find any significant correlations among the surface roughness, crystallinity and chemical change. Therefore, we contend that a temperature of 80°C, at which our experiment was carried out, was too low for the polymer chain to migrate, leading to the weak influence on the morphology. Further study will be needed to determine why the surface morphology is not correlated with the chemical change.
CONCLUSIONS
We investigated the effects of an alkaline treatment, which is an essential step in the selective during template-based nanostructure synthesis, on the surface morphology, inner bonding structures, and ferroelectric properties of P(VDFTrFE) films. To study the surface morphology and chemical changes in P(VDF-TrFE) films during a KOH treatment, we analyzed P(VDF-TrFE) films using SEM, XPS, XRD and the Raman spectroscopy. We observed that the alkaline etchant of the KOH solution decreased the number of C-F bonds while creating new carbon conjugated double bonds, whereas it was not correlated with the surface morphology of the P(VDF-TrFE) films. We found that the alkaline treatment resulted in a reduction of the remanent polarization of P(VDF-TrFE) films from 4.70 μC/cm 2 to 3.44 μC/cm 2 . We believe that our results can improve our understanding of the degradation mechanism of the alkaline treatment used during the synthesis of template-based polymer ferroelectric nanostructures.
